Caveolins are the principal protein components of caveolae, invaginations of the plasma membrane involved in cell signaling and trafficking. Caveolin-3 (Cav-3) is the muscle-specific isoform of the caveolin family and mutations in the CAV3 gene lead to a large group of neuromuscular disorders. In unrelated patients, we identified two distinct CAV3 mutations involving the same codon 78. Patient 1, affected by dilated cardiomyopathy and limb girdle muscular dystrophy (LGMD)-1C, shows an autosomal recessive mutation converting threonine to methionine (T78M). Patient 2, affected by isolated familiar hyperCKemia, shows an autosomal dominant mutation converting threonine to lysine (T78K). Cav-3 wild type (WT) and Cav-3 mutations were transiently transfected into Cos-7 cells. Cav-3 WT and Cav-3 T78M mutant localized at the plasma membrane, whereas Cav-3 T78K was retained in a perinuclear compartment. Cav-3 T78K expression was decreased by 87% when compared with Cav-3 WT, whereas Cav-3 T78M protein levels were unchanged. To evaluate whether Cav-3 T78K and Cav-3 T78M mutants behaved with a dominant negative pattern, Cos-7 cells were cotransfected with green fluorescent protein (GFP)-Cav-3 WT in combination with either mutant or WT Cav-3. When cotransfected with Cav-3 WT or Cav-3 T78M, GFP-Cav-3 WT was localized at the plasma membrane, as expected. However, when cotransfected with Cav-3 T78K, GFP-Cav-3 WT was retained in a perinuclear compartment, and its protein levels were reduced by 60%, suggesting a dominant negative action. Accordingly, Cav-3 protein levels in muscles from a biopsy of patient 2 (T78K mutation) were reduced by 80%. In conclusion, CAV3 T78M and T78K mutations lead to distinct disorders showing different clinical features and inheritance, and displaying distinct phenotypes in vitro.
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The human Cav-3 protein is 150 amino acids in length and is divided into four separate domains: N-terminal (aa 1-53), scaffolding (aa 54-73), transmembrane (aa 74-106) and C-terminal (aa 107-151). [2] [3] [4] In the endoplasmic reticulum, Cav-3 initiates the biogenesis of caveolae organelles by forming homo-oligomers and heterooligomers with Cav-1. 5 At the plasmalemma, Cav-3 interacts with dystrophin and its associated glycoproteins. 6, 7 Cav-3 and dystrophin competitively bind to the same site of b-dystroglycan, suggesting that Cav-3 may regulate the membrane recruitment of dystrophin and the assembly of the dystrophin glycoprotein complex (DGC). 8 At the cell surface, Cav-3 colocalizes also with signaling molecules such as Gi2a, Gbg, c-Src, other Src kinases and nitric oxide synthases (neuronal and inducible NOS), indicating that muscle caveolae might be involved in the modulation of these signaling processes. [9] [10] [11] [12] In addition, Cav-3 plays a role in the regulation of energy metabolism of muscle cells as it is required for the cell membrane targeting of phosphofructokinase, an enzyme that catalyzes a rate-limiting reaction in glycolysis. 13, 14 In vitro studies have shown that Cav-3 plays a critical role in myoblast cell differentiation and survival and in myotube formation. 15 The relevance of Cav-3 in muscle physiology was further confirmed by the findings that mutations in the CAV3 gene result in distinct neuromuscular and cardiac disorders, such as limb girdle muscular dystrophy (LGMD) 1-C, idiopathic persistent elevation of serum creatine kinase (hyperCKemia), inherited rippling muscle disease (RMD), distal myopathy and familial hypertrophic cardiomyopathy (HCM). [16] [17] [18] [19] [20] The CAV3 gene (OMIM no. 601253) spans 12 kb of genomic DNA on chromosome 3p25 and contains two exons. At present, 20 different point mutations, 2 base-pair deletions and 1 novel splice site mutation have been reported. 21 More recently, four novel CAV3 mutations have been identified in patients affected by congenital long-QT syndrome (LQTS) in the absence of signs of primary cardiomyopathy, suggesting a possible role for Cav-3 in the regulation of cardiac ion channels. 21, 22 Functional analysis of different CAV3 missense mutations revealed that Cav-3 mutant proteins can be retained in the Golgi apparatus, where they are rapidly degraded by the ubiquitin-proteasome system and display a dominant negative effect on the wild-type (WT) protein. 23, 24 In this study, we showed that two distinct CAV3 missense mutations affecting amino acid 78 cause different phenotypes in vivo and in vitro.
MATERIALS AND METHODS Patients
Patient 1, a 58-year-old woman, reported myalgias, premature fatigue and dyspnea during moderate exercise. Blood samples for genetic analysis were collected after informed consent. The patient always declined to perform a muscle biopsy.
Patient 2, a 40-year-old man, was referred because of hyperCKemia and calf hypertrophy. Blood samples for genetic analysis and muscle biopsy for immunohistochemistry were collected for diagnostic purposes after informed consent and were processed according to standard histological and histochemical techniques. All the procedures were performed in accordance with Gaslini and Meyer Institute guidelines.
Genetic Analysis
Genomic DNA was extracted from patient's peripheral blood leukocytes using the FlexiGene DNA kit (Qiagen, Milan, Italy) following the manufacturer's instructions. The DNA was amplified by polymerase chain reaction (PCR) using the following primers: exon 1 forward 5 0 -gctggcagggacataagtc-3 0 , exon 1 reverse 5 0 -ctgtgtctgcagcagatac-3 0 ; exon 2 forward 5 0 -aatacaggtagggtccagccac-3 0 , exon 2 reverse 5 0 -ggtatggagcagt ccctaaagag-3 0 . PCR conditions were as follows: denaturation at 941C for 4 min, 35 cycles of 941C for 30 s, 581C for 30 s, 721C for 1 min and final extension at 721C for 10 min. 16 PCR products were purified with the Montage PCRm96 Purification Kit (Millipore Corporation, Bedford, MA, USA) and sequenced on both strands using the ABI Prism Big Dye Terminator Cycle Sequencing Kit and an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). The mutations identified by direct sequencing were confirmed by specific PCR restriction fragment length polymorphism (RFLP) (data not shown). To exclude the possibility of polymorphism variants, 200 DNA controls were sequenced using the same experimental design. Genetic analysis of the LMNA gene was performed as previously described. 25 cDNA Constructs Full-length WT Cav-3 was subcloned into the vector pCAGGS. 23 Standard PCR strategies were used to construct the various point mutants. 23 The rat Cav-3 WT cDNA was used as the template for these reactions. The various Cav-3 point mutants were subcloned into the pCAGGS vector using the EcoRI sites within the polylinker. Correct orientation was verified by protein expression. DNA sequencing confirmed the accuracy of the intended mutations.
Cells, Media and Transfection Methods
Cos-7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. Cos-7 cells were transfected using the Effectene transfection reagent (Qiagen). At 36 or 48 h after transfection, cells were harvested.
Histological and Histochemical Analysis
Unfixed 5-mm-thick cryosections of skeletal muscle biopsies from patient 2 were subjected to hematoxylin and eosin (H&E) staining, as previously described. 16 Immunohistochemistry Unfixed 5-mm-thick cryosections of skeletal muscle biopsies from patient 2 were incubated for 1 h at room temperature (RT) with a 1:800 mouse monoclonal anti-Cav-3 antibody (anti-Cav-3 mAb, clone 26 raised against amino-acid residues 3-24; Transduction Laboratories, Lexington, KY, USA) diluted in phosphate-buffered saline (PBS)/1% bovine serum albumin (BSA), with an undiluted mouse monoclonal antidysferlin antibody (Hamlet II, Novocastra Laboratories, Newcastle upon Tyne, UK), with an undiluted mouse monoclonal anti-dystrophin (N-terminus) antibody (NCL-DYS3, Novocastra Laboratories) or with an undiluted mouse monoclonal anti-a-sarcoglycan antibody (Novocastra Laboratories). After repeated washes with PBS, sections were incubated for 1 h at RT with a 1:100 biotinylated anti-mouse IgG (Amersham Biosciences, Little Chalfont, UK) and exposed for 30 min at RT to a 1:250 streptavidin fluorescein Caveolin-3 T78M and T78K mutations M Traverso et al (Amersham Biosciences) in the dark. Finally, the sections were mounted with glycerol (glycerol 87% diluted 2:1 in PBS) and observed under a Leica Diaplan microscope. 26 Western Immunoblot Analysis Skeletal muscle biopsy Five to eight 10-mm-thick cryosections of skeletal muscle biopsy were dissolved in lysis buffer (4% sodium dodecyl sulfate (SDS) in 4 M urea). Tissue lysates were then sonicated for 10 s in ice and centrifuged at 10 000 r.p.m. for 15 min at 41C. Supernatants were collected and protein concentration was determined by using the Lowry protein assay method. Equal amounts of protein lysates were resolved by SDS-PAGE (12% acrylamide) under reducing conditions and transferred to nitrocellulose membranes (Immobilon Plus, Millipore, Billerica, MA, USA). The proteins were visualized with Ponceau S (Sigma, Milan, Italy). Membranes were blocked with 4% non-fat dried milk in PBST (PBS/0.1% Tween 20). Blots were then incubated for 2 h at RT with a 1:1000 antiCav-3 antibody, a 1:300 anti-dysferlin antibody or a 1:50 mouse monoclonal antibody against vinculin (Vinculin, Novocastra), all diluted in PBS/1% BSA. Horseradish peroxidase-conjugated anti-mouse IgG was used to visualize bound primary antibodies with the ECL chemiluminescence system (Amersham Biosciences). Band intensities were evaluated by densitometry using the Molecular Imager ChemiDoc XRS system (Biorad Laboratories, Hercules, CA, USA).
Cos-7 cells
Cos-7 cells were transiently transfected with WT or mutant forms of Cav-3. Cells were lysed in boiling sample buffer. Samples were collected, homogenized using a 26 G needle and 1 ml syringe and boiled for a total of 5 min. Equal amounts of the protein lysates were resolved by SDS-PAGE (12% polyacrylamide) under reducing conditions and transferred to nitrocellulose membranes.
Membranes were blocked with 4% non-fat dried milk in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20). Blots were then incubated for 1 h at RT with a 1:1000 antiCav-3 antibody, a 1:1000 mouse polyclonal anti-green fluorescent protein (GFP) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or a 1:1000 monoclonal anti-GAPDH antibody (RDI, Flanders, NJ, USA) all diluted in TBST/1% BSA.
Horseradish peroxidase-conjugated anti-mouse IgG antibodies were used to visualize bound primary antibodies with the supersignal chemiluminescence substrate (Pierce, Rockford, IL, USA).
Immunofluorescence Analysis
Transfected Cos-7 cells were fixed for 30 min in PBS containing 2% paraformaldehyde. After fixation, cells were rinsed with PBS and permealized with IF buffer (PBS plus 0.2% BSA and 0.1% Triton X-100) for 10 min. Then, cells were treated with NH 4 Cl in PBS for 10 min to quench free aldehyde groups. Primary antibodies (anti-Cav-3 and anti-GFP) were incubated in IF buffer for 1 h at RT. After washing with PBS, the bound primary antibody was visualized with a tagged secondary antibody (Jackson Immunoresearch, Newmarket, UK). Slides were mounted with slow-fade anti-fade reagent (Molecular Probes, Eugene, OR, USA) and observed with a confocal microscope.
RESULTS
Two patients presenting with signs and symptoms suggestive of primitive myopathies such as myalgias, muscle weakness, calf hypertrophy or isolated hyperCKemia were screened for CAV3 mutations.
Patient 1, a 58-year-old woman born to consanguineous parents, came to our observation because of myalgias, premature fatigue and dyspnea during moderate exercise. At 47 years, she had been diagnosed with dilated cardiomyopathy (DCM). Family history was negative for neuromuscular disorders. Neurological examination revealed generalized hypotonia, proximal weakness and hypotrophy of the upper limbs, and proximal hypotrophy and calf hypetrophy of the lower limbs. Consistent with a myopathic pattern, electromyography of lower limbs showed decreased amplitude and duration of response, and signs of increased spontaneous activity, such as fibrillations and positive sharp waves. Laboratory investigations revealed increased serum creatine kinase (CK) levels (41500 IU/l; normal value o150). Serum lactic acid, urinary organic acids and acylcarnitine profile were normal. Echocardiographic evaluation evidenced left ventricular dilation with severe reduction of the ejection fraction (about 16%), whereas the electrocardiograms (basal and Holter) revealed an incomplete left bundle branch block but no arrhythmias. She refused muscle biopsy.
Genetic analysis of the CAV3 gene identified a homozygous mutation at nucleotide 233 (C4T) leading to an amino-acid substitution, threonine to methionine, at codon 78 (T78M). Her parents (deceased before the study was undertaken) did not report any clinical symptom suggestive of the disease. The patient's daughter, heterozygous for the mutation, did not show any symptoms of Cav-3 deficiency and her serum CK levels were normal. Taken together, these data indicate an autosomal recessive mode of inheritance for this trait ( Figure  1a ). Laminopathies were ruled out by sequencing the LMNA gene.
Patient 2, a 40-year-old man, was referred because of hyperCKemia and calf hypertrophy. Family history was positive for hyperCKemia. He did not describe myalgias, exercise intolerance or progressive muscle weakness, and neurological examinations revealed no abnormalities. Electrocardiography was normal and cardiovascular evaluation did not show any alterations.
Electromyography of upper and lower limbs displayed a myopathic pattern. Laboratory investigations revealed increased serum CK levels (900 IU/l, normal value o150 IU/l). Genetic analysis of the CAV3 gene evidenced a novel Immunohistochemical studies of the muscle biopsy revealed that Cav-3 expression at the cell surface was markedly reduced. This effect was associated with a decreased membrane staining of dysferlin (Figure 2a) . The defect of Cav-3 and dysferlin was not due to nonspecific membrane damage. Indeed, the morphological analysis of the biopsy did not show myopathic signs such as variability in muscle fiber size, degenerating/regenerating fibers with an increased number of central nuclei and increase in connective tissue. Moreover, immunostaining for dystrophin and a-sarcoglycan, two critical muscle membrane proteins, was normal (Figure 2b) .
The reduction of Cav-3 protein levels (approximately 80%) was confirmed by immunoblot analysis on total muscle lysate ( Figure 3) .
To investigate the impact of T78M and T78K mutations on Cav-3 protein levels and cellular localization, we generated Cav-3 T78M and T78K mutants and cloned them into a mammalian expression vector. We next transfected Cos-7 cells with these mutants and assessed their expression relative to Cav-3 WT protein by immunoblot analysis using a specific Cav-3 antibody. Cav-3 T78K was markedly reduced (about 87%) when compared with the WT construct, whereas Cav-3 T78M protein levels were not changed (Figure 4 ). Immunofluorescence analysis revealed that Cav-3 T78K was retained intracellularly in a perinuclear compartment. In contrast, Cav-3 WT and Cav-3 T78M were correctly targeted to the plasma membrane ( Figure 5 ).
We next examined whether Cav-3 T78K and Cav-3 T78M had a dominant negative effect as described for LGMD-1C Cav-3 mutations. 23 For this purpose, the two mutants were cotransfected with an expression vector containing Cav-3 WT fused in-frame with a GFP cDNA (GFP-Cav-3 WT). At 36 and 48 h after transfection, cells were fixed and stained with antibodies against GFP. In this way, we could follow the behavior of GFP-Cav-3 WT when expressed along with the Cav-3 WT and mutant forms. When cotransfected with Cav-3 WT or Cav-3 T78M, GFP-Cav-3 WT was localized at the plasma membrane, as expected. However, when cotransfected with Cav-3 T78K, GFP-Cav-3 WT was retained in a perinuclear compartment ( Figure 6 ). In addition, immunoblot analysis using an antibody directed against GFP indicated that, in the presence of Cav-3 T78M, GFP Cav-3 WT expression was not affected, whereas when cotransfected with Cav-3 T78K, its protein levels were decreased by 36%, suggesting that the T78K mutation can induce degradation of the WT form. This effect increased over time, and at 48 h following transfection, GFP-Cav-3 WT protein was reduced by 60% ( Figure 7 ).
DISCUSSION
In this study, we describe two distinct CAV3 missense mutations that, although occurring at the same codon 78, lead to different clinical phenotypes. Patient 1, who carries an autosomal recessive CAV3 T78M amino-acid substitution, is affected by DCM and LGMD-1C.
DCM is a common clinical feature in different neuromuscular pathologies, but it has never been described in a caveolinopathy. 20, [27] [28] [29] [30] The clinical examination, laboratory tests and genetic analyses excluded the coexistence of other disorders including laminopathy or a mitochondrial disease. However, the lack of a muscle biopsy, due to refusal by the patient, does not allow us to conclude unequivocally that her cardiac phenotype is due to the CAV3 mutation. It could also be possible that our patient's cardiomyopathy was not primarily dilatative but represented the late clinical course of a hypertrophic condition. This would be in agreement with the description by Hayashi et al, 31 who reported the occurrence of HCM in two brothers affected by a CAV3 missense variant.
Indeed, the role of CAV3 mutations in the pathogenesis of cardiac disorders is complex and has not yet been clarified.
Cav-3 is expressed in cardiomyocytes, where it colocalizes with different molecules involved in the development of myocardium hypertrophy, such as heterotrimeric G proteins, protein kinase C (PKC), Ras, extracellular signal-regulated protein kinase (ERK) and cNOS. As Cav-3 inhibits the activation of these signaling pathways, it could be hypothesized that caveolae might function as a control center of cellular signaling during cardiomyocyte hypertrophy. 32 Consistent with these data, in rats, overexpression of Cav-3 inhibits agonist-induced cardiomyocyte hypetrophy, whereas Caveolin-3 T78M and T78K mutations M Traverso et al the dominant negative Cav-3 enhances this process. 33 In accordance with this, transgenic mice overexpressing the Cav-3 P104L mutant develop the unique pathophysiological characteristics of HCM, such as increased thickness of the interventricular septum and the left ventricular posterior wall, hypercontractility and diastolic dysfunction. 34 Finally, Cav-3-knockout mice display eccentric left ventricular hypertrophy, which then progresses to chamber dilation and 20% reduced fractional shortening. 35 In humans, the vast majority of CAV3 mutations do not cause cardiac phenotypes and the two single reports available in the literature are controversial. On the one hand, as mentioned earlier, one study describes the occurrence of HCM in two brothers carrying a CAV3 T63S substitution. 31 On the other hand, Cav-3 expression and caveolar structures 2) and an age-matched control (Control) were prepared and immunostained with specific antibodies against caveolin-3 (Cav-3) and dysferlin (Dysf). In control muscle, Cav-3 and Dysf display a uniform pattern at the sarcolemma. In patient 2, Cav-3 is markedly reduced, whereas Dysf is only partially decreased and characterized by a disorganized patchy staining at the cell surface. Final magnification, Â 40. Size bars correspond to 50 mm. (b) Frozen sections of the skeletal muscle biopsy from patient 2 (Pt. 2) were analyzed with H&E staining and subjected to immunohistochemistry with specific antibodies against dystrophin (N-terminus) and a-sarcoglycan (a-Sarcogl.) No myopathic changes such as variability in fiber size, degenerating/regenerating muscle fibers with an increased number of central nuclei and increase in connective tissue were detected. Dystrophin and a-Sarcogl. immunostaining was normal. Final magnification, Â 40. Size bars correspond to 50 mm.
Figure 3 CAV3 T78K mutation in patient 2 causes a decrease in Cav-3 expression. Protein lysates prepared from the skeletal muscle biopsy from patient 2 (Pt. 2) and an age-matched control (C) were separated by SDS-PAGE and subjected to western immunoblot analysis using antibodies against Cav-3. In patient 2, Cav-3 protein levels were reduced by approximately 80%. Equal loading control was assessed by immunoblot with antibodies against vinculin (Vinc).
Caveolin-3 T78M and T78K mutations M Traverso et al were normal in the cardiac muscle tissue of a patient affected by hyperCKemia and RMD associated with a severe Cav-3 deficit in skeletal muscle. 36 These data seem to suggest different mechanisms of regulation of the Cav-3 protein in the skeletal and cardiac muscle tissues and are suggestive of future studies.
It is important to highlight that the CAV3 T78M aminoacid change was described in the heterozygous state in four subjects affected by congenital LQTS. 22 These patients did not exhibit signs of skeletal muscle involvement or primary cardiomyopathy, thus implicating a possible role for Cav-3 and caveolae in cardiac excitability. This is not surprising as b 2 -adrenoreceptors colocalize with Cav-3 in ventricular and sinoatrial myocytes, and chemical disruption of caveolae affects the excitation-contraction coupling and b-adrenergic responsiveness of adult cardiac myocytes. [37] [38] [39] In this study, we did not detect any signs of arrhythmia in our patient or in her heterozygous daughter.
In another recent study, a heterozygous CAV3 T78M mutation was detected in one patient affected by idiopathic hyperCKemia. 40 However, in our report, the heterozygous daughter of patient 1 displayed normal serum CK levels.
The CAV3 T78K variant is novel and was identified in a family with autosomal dominant isolated hyperCKemia. Analysis of the muscular biopsy from the proband revealed a severe reduction in Cav-3 expression. Analogous with what was observed with the Cav-3 mutants, R26Q or P104L, the decrease of Cav-3 protein was associated with a reduction of the plasma membrane localization of dysferlin, a 230 kDa transmembrane protein, which plays a role in membrane repair processes and whose mutations lead to LGMD type 2B, Miyoshi myopathy and distal anterior compartment myopathy. [41] [42] [43] Cav-3 and dysferlin colocalize at the sarcolemma of mature muscle fibers and the Cav-3 T78K mutation inhibits dysferlin expression at the plasmalemma.
Because the clinical phenotypes of patients 1 and 2 are different, we hypothesized that the functional alterations due to the distinct mutations might be qualitatively or quantitatively distinct. To test this hypothesis, we analyzed the phenotypic behavior of these mutants in a heterologous system using Cav-3 T78M and T78K constructs. In vitro characterization of the Cav-3 T78M mutant revealed that this mutation does not affect Cav-3 protein expression and membrane localization, and, therefore, appears to act through a loss-of-function mechanism of action. These results might explain the manifestation of a severe muscular phenotype in the patient carrying the CAV3 T78M substitution in the homozygous state.
In contrast, Cav-3 T78K markedly decreases the steadystate expression levels of Cav-3 and leads to its intracellular retention in the Golgi complex. Moreover, Cav-3 T78K mutant behaves in a dominant negative fashion, causing the trapping of WT Cav-3 within the Golgi and inducing its degradation. Although the cellular behavior of this mutant is consistent with its autosomal dominant inheritance, these Figure 4 Cav-3 T78K mutant is expressed at lower levels. Cos-7 cells were transiently transfected with cDNAs encoding Cav-3 WT, Cav-3 T78M or Cav-3 T78K. At 36 h after transfection, cells were extracted in lysis buffer. Protein lysates were separated by SDS-PAGE and subjected to immunoblot analysis with antibodies against Cav-3. Cav-3 T78K is expressed at much lower levels than Cav-3 WT. Cav-3 T78M expression levels are unchanged. Equal loading was assessed by immunoblot with antibodies against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Immunoblots are representative of three independent cultures. Caveolin-3 T78M and T78K mutations M Traverso et al in vitro data seem to be in conflict with the mild phenotype displayed by the patient, that is, isolated hyperCKemia, and no myopathic changes on histopathological examination. In reality, in caveolinopathies, the genotype-phenotype correlation is not always preserved. Other genetic modifiers may be implied in determining the phenotypic presentation of Cav-3 deficiency, so that the same CAV3 mutation can lead to heterogeneous clinical phenotypes and muscle histopathological changes. 21, 44 Indeed, the same R26Q CAV3 mutation was reported in a family with phenotypic variability. Of the 11 individuals with the confirmed mutation, 3 exhibited both RMD and LGMD-1C features, 2 had predominantly LGMD-1C features, 2 had minor muscle stiffness only and 1 was asymptomatic. 45 This observed intrafamilial and interfamilial phenotypic variability suggests the involvement of modifying genetic background effects on the development of the patients' phenotype.
Threonine 78 is an evolutionarily highly conserved residue and is located in the Cav-3 hydrophobic domain (residues 74-106). This region spans the membrane and forms a Figure 6 Cav-3 T78K mutant causes intracellular retention of Cav-3 WT form. Cos-7 cells were transiently cotransfected with cDNA encoding GFP-Cav-3 WT in combination with Cav-3 WT, Cav-3 T78M or Cav-3 T78K. At 36 and 48 h after transfection, cells were fixed and stained with antibodies against GFP. When cotransfected with Cav-3 WT or Cav-3 T78M, GFP-Cav-3 WT is localized at the plasma membrane, as expected. When cotransfected with Cav-3 T78K, GFP-Cav-3 WT is retained in a perinuclear compartment, suggesting that Cav-3 T78K behaves in a dominant negative manner. N, nucleus. The data shown are representative of four independent cultures. Final magnification, Â 100. Size bars correspond to 20 mm.
Caveolin-3 T78M and T78K mutations M Traverso et al hairpin loop within the sarcolemma, thus allowing both the N-and C-terminal segments to face the cytoplasm. 46 Studies on caveolin membrane-spanning segments showed that this domain plays a critical role in the genesis of those Cav-3 homo-oligomers that are thought to represent the assembly units driving the formation of caveolae organelles in muscle cells. 47, 48 We have suggested that the substitution of the neutral residue threonine 78 with the positively charged lysine causes misfolding of Cav-3 protein impairing the process of Cav-3 self-association and leading to Cav-3 rapid degradation. On the other hand, we can speculate that the introduction of a neutral methionine residue in the same position results in a stable but dysfunctional Cav-3 protein. Future studies will address the effects of Cav-3 T78M on candidate signaling pathways known to interact with the Cav-3 protein, especially in the context of heart-derived cells. 49 In conclusion, CAV3 T78M and T78K mutations correlate with distinct disorders showing different clinical features and modes of inheritance. Consistently, they display a distinct phenotype in vitro. In addition, it is noteworthy to highlight that the CAV3 T78M mutation is possibly associated with the development of a cardiac phenotype. There is a growing body of evidence that CAV3 missense mutations may lead to a cardiac involvement, including cardiomyopathy and arrhythmia.
Extensive clinical examination of cardiac function in LGMD-1C, RMD and hyperCKemic CAV3 patients and mutational screening of large populations will be necessary to assess the role of CAV3 mutations in heart disease. In addition, the function of Cav-3 in the heart should be evaluated to unveil the pathogenetic mechanisms behind the cardiac clinical features of caveolinopathies. Caveolin-3 T78M and T78K mutations M Traverso et al
